The ability to engineer and shape the phase profile of optical beams is in the heart of any optical element. Be it a simple lens or a sophisticated holographic element, the functionality of such components is dictated by their spatial phase response. In contrast to conventional optical components which rely on thickness variation to induce a phase profile, metasurfaces facilitate the realization of arbitrary phase distributions using large arrays with subwavelength and ultrathin (tens of nanometers) features. Such components can be easily realized using a single lithographic step and is highly suited for patterning a variety of substrates, including nonplanar and soft surfaces. In this article, we review the recent developments, potential, and opportunities of metasurfaces applications. We focus primarily on flat optical devices, holography, and beam-shaping applications as these are the key ingredients needed for the development of a new generation of optical devices which could find widespread applications in photonics.
Introduction
The propagation of a beam of light can be determined completely by its phase and amplitude profiles at a given twodimensional surface. This rule, which is related directly to the Huygens' principle [1] is one of the key tools for analyzing the properties of optical beams [2] . Moreover, the same principle can be applied in order to control and engineer the properties of such beams, and generate arbitrary profiles, simply by inducing a properly designed amplitude and phase profile over conventional (e.g. plane wave or Gaussian shaped) beams.
Although complete control over the beam properties requires both amplitude and phase manipulation, much effort was focused on phase control in order to avoid undesired loss of optical power which leads to low efficiency [2] . Basic optical elements such as lenses, prisms, and mirrors, for example, are essentially phase-only elements which manipulate the propagation of optical beams by inducing upon them specific phase profiles. Phaseonly manipulation is, therefore, a powerful tool which facilitates almost arbitrarily beam shaping by introducing a phase mask which can be designed by a variety of numerical algorithms such as the Gerchberg-Saxton (GS) algorithm and its derivatives [3, 4] .
In this article, the recent developments in metasurfaces-based phase control and engineering approaches, as well as their applications for holography and beam shaping, are reviewed. Metasurfaces are planar structures which can modulate the local properties (amplitude, phase, polarization, etc.) of an optical beam which is reflected from or transmitted through them [5] [6] [7] [8] [9] [10] . Metasurfaces consist of large arrays of metallic or dielectric nano-structures which scatter the impinging light. The shape and dimensions of these nano-structures determine the phase (and amplitude) at which the light is scattered from them, thus facilitating full control over the phase (and amplitude) profile of the beam which emerges from the metasurface [5, [11] [12] [13] [14] [15] .
The ability of metasurfaces to provide high-resolution control over the phase profile of optical beam, render them very attractive for many applications but in particular for holography and beam shaping [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Indeed, studies on metasurfaces-based holography and beam shaping (primarily at mid and far IR) begun emerging more than a decade ago [11, 12, 31] where recent studies utilizing metallic and dielectric nano-structure demonstrated devices for short-IR and visible [5, 20] .
The rest of this article is arranged as follows: In Section 2 we briefly review the properties of metasurfaces and their design strategies and in Section 3 we present their physical implementations. In Section 4 we review the limitation, hurdles, and challenges in realizing metasurfacesbased devices and in Section 5 we summarize and conclude.
The basics of metasurfaces
As mentioned in Section 1, metasurfaces consist of array of sub-wavelength nano-structures which can be considered as the pixels of a phase (and, in general, amplitude) mask. The main idea is shown in Figure 1 : a flat surface is divided into discrete pixels where each pixel provides a specific, local, phase shift indicated by φ ij which represents a discretized version of a phase map, φ(x,y). φ(x,y) is the phase profile which is required for obtaining the desired beam shape.
After the incident beam is reflected from or transmitted through the metasurface and propagates a distance z, its field profile is given by the Kirchhoff integral: 
where U 0 is the field profile of the impinging beam, λ is the wavelength, and U z is the field profile at distance z from the metasurface. The design of a metasurface for beam shaping and holography applications exhibits two main challenges: (1) designing the appropriate phase mask needed for obtaining the desired beam shape; (2) designing the individual nano-structures needed for obtaining any desired phase shift between 0 and 2π (i.e. the pixels).
Designing the phase profile
The simplest (and most common) type of hologram is the Fourier hologram which is designed to obtain the desired beam profile in the far field. Thus, the required mask is simply the inverse Fourier transform of the desired image [32] . However, this requires a phase and amplitude hologram which is more complex to fabricate but, more importantly, reduces the overall efficiency of the hologram defined as:
where P image and P in are the powers of the image and the input beams, respectively, In order to improve the efficiency, it is desired to employ phase-only masks (or holograms). Nevertheless, the design and optimization of such mask are not trivial and often necessitates an iterative numeric approach. This is especially true if the mask is required to generate a complex pattern and not a simple functionality such as a beam deflector or lens whose phase pattern can be found analytically [5, 8-14, 22, 33] . As mentioned in the introduction, the most commonly employed approach for optimizing the phase mask is the GS algorithm [3, 4] which has proven to provide highly effective designs exhibiting efficiencies that exceed 80% [23] [24] [25] [26] .
The (practically) continuous phase map which is found either numerically or analytically must be quantized and discretized. Clearly, the choices of grid shape and resolution, and the number of quantization level have significant impact on the hologram efficiency, bandwidth, and fidelity [18, 23, 25, 34] . This point is further elaborated in Section 4 which deals with the limitations of metasurfaces-based holography.
Designing the individual pixels-the problem of spanning the 2π phase shift
Once the discrete and quantized phase map is obtained, it is necessary to construct a set of nano-structures (i.e. "pixels") which can realize it. Probably the most important requirement from these nano-structures is the ability to span the complete 2π shift needed to realize any arbitrary phase profile. One of the main difficulties in obtaining that property is that it requires nontrivial scatterers (or "nano-antennas") because simple dipole antennas (which are the most commonly used elements) are inappropriate for this task. It should be noted that this statement is not entirely correct as dipole nano-antennas can be used in phase masks utilizing the concept of geometrical phase (or Pancharatnam-Berry phase as it is often referred to, as discussed in Section 3.3 below). Figure 2 depicts the amplitude and phase responses of thin dipole antenna as a function of its length with respect to the impinging wavelength. The figure indicates two important issues that should be noted: (1) the phase response covers only up to a phase shift of π; (2) the corresponding amplitude response decays substantially outside a narrow region around π/2 phase shift. Thus, not only a straightforward implementation of thin dipole antennas cannot span the complete phase shift range, but also introduces a substantial amplitude response which impairs the efficiency of the hologram.
Implementations of metasurfaces for beam control
As mentioned earlier, the main challenge in utilizing metasurfaces for phase control and beam shaping is the ability to obtain any possible phase shift in the range {0, 2π} while maintaining uniform amplitude response. In order to meet these demands, several techniques, and approaches for realizing metasurfaces have been developed and demonstrated. These techniques utilize a variety of mechanisms, such as plasmonic and dielectric resonances, cross-polarization interactions, coupled nano-antennas, geometrical phase, etc.
Metallic transmit-arrays
The works of Yu et al. [5] and Ni et al. [13] on phase control using V-shaped antennas is probably the most wellknown (although not necessarily the first) demonstration of the potential of metasurfaces.V-shaped antennas have been known for decades and have been used in radio frequency (RF) communication links, TV sets and more. These antennas are relatively broad band and versatile and support two oscillation modes-a symmetric and an antisymmetric which differ in frequency by approximately a factor of two [35] [36] [37] . at the far IR and later by Ni et al. [13] at the near IR, for inducing a phase gradient on a surface and modifying the refraction and reflection angles (i.e. realizing a deflector or an equivalent prism). The V-shaped antennas allow for needed 2π phase shift control through polarization conversion. The specific phase response of each pixel is determined by the angle between the two arms of the antennas. The eight antennas marked in Figure 3 correspond to the unit cell of a deflector where each element provides a different phase shift which is a multiple of π/4. One of the drawbacks of the V-shaped antennas implementation is that the phase shift is obtained through a polarization conversion mechanism. This requires the excitation of both modes of the nano-antennas and postselecting only the component of the scattered field which is orthogonally polarized to the impinging beam. As a result the overall efficiency of the metasurface as defined in Eq. (1) is relatively low.
The V-shaped antennas are obviously not the only approach for spanning the necessary 2π phase shift range. Other approaches such as patch antennas [24, 33, 38] have been shown to span the necessary range. However, these approaches have been demonstrated in the framework of reflect-arrays which are reviewed in Section 3.2 below. Nevertheless, it should be emphasized that the 2π phase spanning obtained by the structure reported in Refs. [24, 33, 38] stem from using nondipole antennas and a reflective back plane.
The relatively low efficiency exhibited by plasmonic transmit-array stems not only from polarization conversion issues (which do not exist in patch antennas and geometrical phase based metasurface-see also Section 3.3 below) but also from inherent properties of plasmonic scatterers. Plasmonic nano-antennas reradiate (or scatter) the impinging light, more or less, homogeneously in all directions-including backwards. Consequently, a non-negligible part of the incident light is back reflected leading to low transmission efficiency.
Overcoming the efficiency problem require special arrangement such as multi-layer metasurfaces. More specifically, it has been shown that constructing a metasurface comprising three (or more) plasmonic layers can enhance substantially the transmission efficiency [39, 40] [19] . Nevertheless, the fabrication of such metasurface is challenging, thus rendering the employment of this approach quite difficult. A recent alternative approach for reducing the back scattering, utilizes the properties of dielectric antennas, as discussed in Section 3.4.
Metallic transmit-arrays have been utilized for demonstrating several interesting applications. Flat optical lenses and deflectors (prisms) have been designed and realized experimentally [5, 13, 41, 42] , as shown in Figure 4 . One of the attractive applications for such thin lenses is built-in collimators for solid-state lasers which facilitate lower divergence angle and enhanced beam quality [43] [44] [45] . In addition to conventional optical elements, more sophisticated devices such as quarter wavelength plate [46] , vortex beams [14, 47] and circular vector beams [22, 48, 49] have been proposed and demonstrated experimentally.
Among the various applications of metasurfaces, holography is probably the "holy grail" of phase control and beam shaping as it requires custom-made design of arbitrary phase profiles. Metasurfaces provides the ability to realize the ultimate hologram as they support full control over the phase response at each pixel. Zhou et al. showed theoretically that V-shaped antennas can be used for holographic beam projection [21] . Ni et al. demonstrated a 3D beam shaping (i.e. a hologram) at the visible spectral region by patterning a 30-nm thick Au layer with V-shaped voids [20] and Huang et al. realized a hologram by using metasurfaces made of sub-wavelength metallic nanorods with spatially varying orientations [18] . This approach utilized geometrical phase shift which is further discussed in Section 3. spectral region [19] . This hologram included three vertically aligned metasurfaces where the phase map was composed of a mixture of metallic disks, rods, and I-shaped beams. More recently, Pfeiffer et al. demonstrated a beam deflector at telecom wavelengths by constructing vertically three metasurfaces consisting of combinations of apertures and disks [50] .
Nano-antennas reflect-arrays
As mentioned in Section 3.1, transmit-arrays utilizing plasmonic nano-antennas exhibit relatively low efficiency which is inherent to their structure and can be overcome using complex multi-layer arrangements. An alternative approach is constructing a reflect-array metasurface by realizing a single layer metasurface over a reflective backplane separated by a nonconducive transparent layer which is approximately λ/4 thick [23-25, 33, 38, 51] .
Reflect-arrays are a well-established field in RF and millimeter waves. Such an array usually consists of a number of (often identical) elements, fed in a desired phase distribution, in front of a flat, electrically large reflecting surface. The objective is to produce a unidirectional beam, increasing antenna gain and reducing radiation in unwanted directions. The individual elements are most commonly half wave dipoles, although they sometimes contain parasitic elements as well as driven elements ( Figures 5 and 6 ).
The higher efficiency which is inherent to the reflectarray concept, renders this approach highly attractive for many applications such as holography [17, 23, 25, 27, 52] , flat optical elements [53, 54] , etc. In addition, it was shown that such reflect-arrays support wide optical band (several hundreds of nanometers) both in the IR and the visible spectral range. As for their RF counterparts, the combination of high efficiency and broadband operation render reflect-array optical metasurfaces highly attractive for numerous "real-life" applications. Nevertheless, such devices are limited to operation in reflection mode and cannot replace refractive elements such as lenses, prisms, etc.
Geometrical phase metasurfaces
Geometrical phase metasurfaces utilize space-variant polarization manipulation of the incident field in order to induce local phase retardation. This type of phase retardation is essentially a Pancharatnam-Berry (PB) phase shift [55] [56] [57] which in some cases is an undesired effect but can be utilized for beam shaping. Although geometrical phase metasurfaces can also be characterized as transmit/reflect-arrays as discussed in the previous sections, their unique properties as well as successful employment for highly efficient, broadband, holography merit special attention.
The concept behind geometrical phase control is simple. When a beam of circularly polarized (CP) light impinges upon an antenna with a linearly polarized resonance (e.g. a dipole), the scattered beam is partially converted into the opposite helicity with a phase shift which is determined solely by the geometrical orientation of the antenna [58] [59] [60] . Close to normal incident angles, a CP beam is primarily scattered into beams with identical polarization without phase change and to beams with the opposite circular polarization with a phase change corresponding to twice the angle formed between the dipole and a reference axis (note that precise normal incident this axis is arbitrary). The sign of the phase shift depends on the helicity state of the impinging beam (either right-or left-handed helicity). On the other hand, the amplitude of the scattered field is independent of the orientation of the antenna but rather on its frequency response.
The dependence of the phase retardation exclusively on the antenna orientation yields several inherent advantages of PB metasurface. Their response is very broadband, i.e. they can be used for inducing identical phase profile over a wide range of wavelengths. Their scattering efficiency (which determines the amplitude of the scattered wave) is determined by the properties of the specific type of antenna being used, which in the case of plasmonic antennas can quite broaden [61] and can even be designed to operate over more than an Octave [62] .
Geometrical phase metasurfaces have been proposed and demonstrated as early as 2001 by the Hasman group using both metallic and dielectric nano-structures [11, 31, 63] . Using such metasurfaces, a variety of thin optical elements such as deflectors and complex beam-shapers have been demonstrated with remarkably high efficiencies. More recently the concepts of geometrical phase and deeply etched dielectric gratings were combined to realize mode convertors for circular vector beams [64] and highly efficient conventional and exicon lenses [65] .
Geometrical phase metasurfaces have been shown to be highly attractive for both transmission and reflection holography. Zhang group has demonstrated a geometrical phase transmission hologram in the visible spectral range comprising Au nano-rods (i.e. dipole nano-antennas) [18] . More recently, the same group integrated their approach with a reflective backplane to demonstrate a highly efficient, wide angle and broadband reflection hologram [25] , as well as dual-imaged helicity multiplexed reflection and transmission holograms [27] .
It should be noted that although most of the recent studies involving geometrical phase metasurfaces utilized metallic nano-structures, the same approach can be extended to dielectric structures for beam shaping [31, 65] and for full color holography [30] and even to optically controlled materials such as linear photoalignment polymers and polymerizable liquid crystals [29] . This is yet another manifestation of the strength of the geometrical phase approach which does not rely on electronic/photonic resonances but rather on polarization manipulation. It should be also noted that although most of the studies utilized polarization manipulation as means for phase control, it is also possible to combine them and obtain simultaneous phase and polarization control as was demonstrated by Yirmiyahu et al. [64] and more recently by Lin et al. [22] . This is, however, not trivial and requires special care as the two processes are not independent.
Finally, although geometrical phase is a powerful tool for holography and beam shaping application, this approach suffers from an inherent drawback-the impinging beam must be radially polarized. Although for some applications this is not a real concern, for others (such as authentication tags, where a source of CP light may not be immediately available) this limitation may prove crucial. Overcoming this constraint is not a trivial task as the mechanism of geometric phase is inherently linked with the properties of CP light.
Dielectric resonators
The integration of backplane reflectors with plasmonic metasurfaces facilitates the realization of reflective optical elements and holograms exhibiting impressive performances in terms of efficiency, bandwidth, and numerical aperture. Nevertheless, the reflect-array approach does not provide a means for realizing high-quality refractive elements (e.g. lenses, prisms, etc.) and beam shapers which necessitate transmit-arrays.
The two main drawbacks of metallic metasurfaces are their relatively low efficiency and sensitivity to polarization. And although polarization dependence might be acceptable or can even be a benefit for certain applications, low efficiency [as defined in Eq. (2)] is a major obstacle. Moreover, the low efficiency of plasmonic transmit-array is quite inherent to the properties of thin metallic scatters. When an electromagnetic wave is scattered from a metallic nano-particle, it primarily interacts with its electric dipole response. This response is relatively homogeneous in the horizontal plane leading to equal scattering in both forward and backward directions [66] . As a concrete example, consider an electromagnetic wave impinging upon a dipole antenna as shown in Figure 7 . The impinging wave excites oscillating currents in the antenna leading to re-radiation of the energy towards all directions. Consequently, only a fraction of the impinging power is scatted towards the desired direction (forwards).
The efficiency problem can be partially resolved by employing several, vertically stacked, metasurfaces [19, 39, 40, 50] forming a Huygens' surface [1, 67, 68] . The underlying concept of a Huygens' surface is to excite properly phase-shifted electric and magnetic dipoles of equal amplitudes in order to obtain constructive interference in the forward direction and destructive interference in the backward direction. This condition is not satisfied by metallic nano-antennas as their magnetic dipole response is significantly smaller than that of their electric dipole. Vertically stacked metasurfaces, on the other hand, essentially obtain a similar condition by the mutual interference between the waves which are scattered by the layers.
In contrast to metallic nano-antennas, under certain conditions dielectric nano-particles possess a strong magnetic dipole response in addition to their electric one [69] [70] [71] [72] [73] [74] [75] . Specifically, it requires the optical thickness of the dielectric nano-structure to be of the order of half the wavelength of the light in the material -W≈λ/2n. Under this condition, the polarizations of the field in the edges of the nano-particle are opposite in direction, leading to the generation of a strong magnetic field at its center.
Having a strong magnetic dipole response is not enough. In order to obtain a preferred forward scattering of the impinging field it is necessary that the amplitude and phase of the magnetic and electric dipole responses are identical [69, 76] . Obtaining this requirement (often referred to as the first Krecker's condition) necessitates tailoring the geometrical dimensions of the nano-particle. In particular it is important to align the electric and magnetic resonances to the same wavelength not only for obtaining forward scattering over some optical bandwidth but for covering a complete 2π phase shift.
Following [83] proposed and studied dielectric metasurfaces for vortex beam generation in the IR and the visible spectral regions. Note that unlike most studies in this field in which disk and elliptic shaped nano-structure are used, Shalaev et al. [83] employed arrays comprising rectangular dielectric resonators. We also note the work of Yang et al. [88] on vortex beam realization using dielectric resonators. Nevertheless, in this work, a reflect array was constructed where the phase control was obtained by A B polarization conversion in a similar manner to the studies described in Section 3.3. The research on both dielectric and plasmonic metasurfaces is primarily focused on obtaining a desired phase response while less consideration is given to the impact of the polarization state of the impinging and scattered fields. More specifically, most studies presented metasurfaces which exhibited polarization-dependent operation (though in some cases this was part of the metasurface functionality). While polarization independent dielectric metasurfaces have been demonstrated [87] , a recent work by Arbabi et al. [89] demonstrated full control over both the phase profile and polarization state of the scattered field. The key idea in this study was to utilize ellipticshaped dielectric resonators which were arranged in a hexagonal lattice. By controlling both the dimensions and orientation of the resonators, full control over the phase and polarization profile was obtained, thus facilitating efficient generation (more than 70%) of a variety of beams such as vortices and circular vector beams (CVBs), as well as the realization of flat lenses and holograms.
Hurdles and limitations of metasurfaces
The realization of any metasurface (either plasmonic or dielectric) requires several design and implementation steps-phase-map design, phase quantization, nanoantenna design, and fabrication. Each one of these stages eventually limits the overall performances of the device, primarily in terms of conversion efficiency.
Phase-map design
Given the desired profile of the scattering beam it is necessary to design an appropriate phase map which would convert the impinging power to the required beam in the most efficient way. In principle, the ideal mask can be obtained by inversing Eq. (1). However, this would result in a phase and amplitude mask which inherently blocks part of the incident power and limits the conversion efficiency. Phase-only masks can provide a decent answer to the conversion efficiency problem but their design is often not obvious. Phase-only masks and holograms have been shown to yield very high efficiency for simple optical elements. This is, however, not surprising as such elements (such as lenses) induce only a phase profile on the incident beam. Moreover, in many of these relatively simple cases the required phase map can be obtained analytically, leading to very high efficiencies [11, 12, 31, 33, 65] . On the other hand, obtaining the optimal phase mask for an arbitrarily shaped beam or for holography application is complex and necessitates iterative and sometimes stochastic algorithms [3, 4] .
The very nature of these algorithms renders them sensitive to the initial condition (i.e. the initial "guess" for the phase map) which may lead to different final phase maps and conversion efficiencies. These algorithms ensure conversion of the phase map to a local minimum of the "cost" function (e.g. the deviation of the final image from the desired one) but not necessarily to the global minimum. Numerical studies on the efficiency penalty of the GS algorithm in the context of arbitrary beam shaping have shown that the expected penalty due to the design of the phase-map only is in the order of 20% [23] . Note that this penalty corresponds to an ideal courteous phase-map, i.e. before the quantization of the phase.
The design inefficiency is both image and algorithm dependent. It may vary between different target image, design algorithms, and the initial phase-map. In some cases it is useful to introduce a random "kick" to the phase map in order to try to converge to a better local minimum of the cost function. Nevertheless, this stochastic approach might also shift the solution to a worse minimum.
Phase quantization
A practical phase mask does not realize the phase map obtained from the design algorithm, but rather a discretized version consisting of a finite number of phase levels. The number of employed phase levels has a direct impact on the quality of the obtained image. In this context, metasurfaces employing various phase quantization levels, ranging between 4 and 16 have been realized and studied [5, 14, 18, [23] [24] [25] 33] . Nevertheless, little consideration was given to impact of the phase quantization. Yifat et al. studied the impact of the number of phase quantization levels on the conversion efficiency of phase metasurfaces, showing that the efficiency penalty of 6, 16, and 32 quantization levels is 20%, 10%, and 5%, respectively [23] . The exponential decrease of the penalty indicates that there is no practical reason to use more than 32 quantization levels. Moreover, developing a reliable process for fabricating nano-structures with such minute differences in order to obtain these small phase difference is extremely challenging, especially for the visible spectral region. Thus, it seems that 16-32 quantization levels are sufficient to attain high quality representation of the continuous phase map obtained from the design process.
Pixel realization
Once the discretized and quantized phase map is obtained, it is necessary to assign to each pixel an appropriate nanostructure. This is by no means a simple task, particularly if a nonregular phase map is required.
The common approach to map the phase shift levels to a physical structure is to study (in most cases numerically) the spectral properties of the transmission and reflection of arrays comprising identical elements [5, 14, 33, 82, 87, 89] . The obtained phase (and amplitude) response is then associated with that of the individual element (i.e. pixel) in an arbitrary array (or hologram). In some of the realization approaches described earlier the phase-structure association is less complex. For example, the phase obtained by the pixels in geometrical phase based metasurfaces is determined simple by the orientation of the individual nano-structure.
The main difficulty with the approach described earlier is that it essentially neglects the coupling effects between the nano-structure comprising the metasurface.
It is well known from antenna theory that the presence of the adjacent elements in an array, effectively modifies the properties of the individual element [90] . Consequently, the phase response of each pixel in an arbitrary metasurface may differ substantially from its response in a homogeneous array [91] , thus leading to errors in the realized phase-map.
The impact of these phase errors can be dramatic, especially in high-resolution metasurfaces, leading to significant reduction in the efficiency and to the formation of ghost images [92] . Ghost images are essentially the complex conjugated images of the desired object beam. The ghost image is projected to the opposite angle and is inverted with respect to the main image. In conventional holography, the power which is transferred to the ghost image is similar to that transferred to the desired image [32] . Metasurfaces, on the other hand, can modify and control the power transferred to the ghost image which can be theoretically eliminated completely. Figure 8 depicts examples of observed ghost images in metasurfaces-based holograms [23, 24] . Panel (B) of the figure depicts a simulation example for the appearance of a ghost image when small and random phase errors are added to an otherwise "perfect" hologram. Depending on the errors, the power directed to the ghost image could be quite significant. In the example shown in Figure 8 approximately 10% of the impinging power is directed to the ghost image. It should be emphasized that the phase errors discussed in this Section do not stem from errors in the realization of the individual nano-structures but from the design approach for connecting between the pixel shape and its corresponding phase shift. The specific scatterer shape needed for obtaining a desired phase shift depends on its specific adjacent neighbors and, therefore, it is impossible to design a specific nano-antenna which yields a pre-determined phase shift.
In specific cases, such as deflect arrays and holograms design for large angle projections it is possible to partially overcome this problem by designing a supercell, consisting of several nano-antennas, which is intended for deflecting the light to the desired angle [33] . This approach takes into account the coupling between adjacent nanoantenna and can increase the efficiency substantially. Nevertheless, in an arbitrary phase profile metasurface, ideally each pixel should be designed according to its neighbors, which means that the whole hologram must be optimized simultaneously. Such optimization is obviously impractical and dealing with coupling effect still remains an open question.
Finally, it should be noted that the importance of the coupling effects may vary between the different metasurfaces realization approaches. For example, it was shown that coupling issues have relatively minor impact in geometrical phase and in dielectric resonators-based metasurfaces [25] .
The geometrical phase approach is based on local manipulation of the polarization state which is obtained regardless of the resonance of the scattering nano-structure and radiation pattern. Consequently, one may expect that coupling effect between nano-antennas, which are likely to modify the spectral response, have less impact on the geometrical phase.
The weak coupling between dielectric resonatorsbased metasurfaces stem from the strong confinement of the resonating modes in the nano-structures and the relatively large separation between them [82] . As a result, the overlap between the modal fields of adjacent resonators is small and the corresponding impact on the phase response is relatively negligible.
Fabrication tolerances and errors
The final step in the realization of a metasurface is the fabrication of the nano-structures composing the device. The development of the fabrication process requires optimization of the employed lithography technique (most commonly E-beam) exposure value (dose) to ensure that the dimensions of the individual elements are as close as possible to the designed specifications. This optimization process introduces implicit assumptions on the structure of the array and, in particular, on the adjacent antennas surrounding the element being optimized. Consequently, the dimensions of some of the fabricated pixel may deviate from their desired ones, leading to phase errors.
The consequences of the phase errors due to fabrication tolerances are similar to those described in Section 4.3. However, as the source of the errors is not fundamental but rather technological, this effect can be mitigated to some extent by dynamically altering the dose for each element with regard to its neighbors.
Discussion, outlook, and challenges
The ability to use ultra-thin surfaces for shaping the amplitude, phase, and polarization profiles of optical beam by local manipulation of the electromagnetic field can open up new avenues for numerous applications in illumination, displays, integrated optics, power harvesting, virtual and augmented reality visors, and more. Such devices are expected to exhibit enhanced performances and functionality which can be readily realized using contemporary fabrication methods and can be integrated with electronics and peripheral components. To date, a large part of the research involving metasurfaces is focused on the shaping and generation of unique beams (optical vortices, CVBs, etc.) and on holography. However, there is great potential in using metasurfaces for realizing future optical components such as aberration free and large numerical aperature lenses. Such technology can replace complex lenses consisting of multiple components by a simple and thin single surface [10, 41, 42, 93, 94] . Aberration correction using metasurfaces was recently demonstrated also in the context of electron microscopy where such problems are difficult to overcome [95] .
Flat optical components are also highly attractive for integration with fiber optics and solid-state lasers as means for controlling the properties (divergence, polarization, etc.) of the output beam [44, 45, [96] [97] [98] [99] [100] [101] [102] [103] . The ability to pattern fibers and lasers facets with corrective optics using conventional fabrication techniques such as focused ion beam and nano imprinting lithography paves the way to high-quality laser and light sources with numerous applications in communications, sensing, diagnostics, and therapy.
One of the important advantages of metasurfaces, especially plasmonic ones, is that their functionality is wavelength scalable and can be modified to fit a very wide range of frequencies. This is in contrast to dielectric materials whose properties are highly wavelength dependent. In particularly, this property is advantageous for optical systems operating and the mid and far IR where refractive optical elements are based on special and often expensive materials. Metasurfaces-based optics is an attractive alternative approach at these spectral regions which are used by thermal imagers. In addition, metasurfaces can be utilized for modifying the spectral properties of thermal emitters [104, 105] with great potential for electric power generation from heat sources.
Another attractive property of metasurfaces stemming from their wavelength-dependent response is highquality filters, especially in (but not limited to) the THz range [106] [107] [108] [109] . The wavelength scaling property of metasurfaces facilitates their utilization over a wide spectral range, rendering them highly attractive for bands at which there are no good solutions.
Finally, the phase response of metasurfaces is naturally polarization dependent unless special care is taken. Although less attractive for some applications, such property is highly useful for many applications necessitating different processing of polarization states such as polarization convertors and analyzers [24, 46, 63, 110, 111] , polarization multiplexing [24, 27, 28] , etc.
Metasurfaces exhibit the ability to form and engineer the phase profile of a beam impinges upon it. Holography, flat optical components, and arbitrary beam shaping are probably the straightforward applications for such property but the potential of phase control with metasurfaces does not end here. Controlling the properties of beams generated by nonlinear processes is an emerging new application for such devices (see Ref. [112] and references therein). The combination of the strong nonlinear response that can be obtained from plasmonic nanostructure with the ability to control the phase properties of both the fundamental and higher harmonics can potentially initiate a new area of fundamental research and lead to the development of efficient, ultra-compact nonlinear optical devices [113] [114] [115] [116] [117] [118] [119] .
Another interesting emerging application for phase engineering using metasurface is enhancing the interactions between light and charged particles. When a charged particle passes in the vicinity of metallic (or dielectric) periodic structure it radiates electromagnetic energy while losing part of its kinetic energy [120] . This process, generating the Smith-Purcell radiation, can be used for realizing electromagnetic radiations in a variety of wavelengths [121, 122] and constitute the foundation for free electron lasers [123] . In addition, the reverse process where energy from light source is absorbed by a charged particle can be utilized to realize compact laser-driven accelerators [124, 125] . Plasmonic metasurfaces can further enhance the attainable acceleration gradient by utilizing both the plasmonic field enhancement and the ability to optimize the phase profile of the accelerating electric field [126] . Recent theoretical work has shown that metasurfaces laser driven accelerator can yield acceleration gradient exceeding 11 GV/m where the main limitation is the damage threshold of the materials being used [126] .
Metasurfaces can be constructed using a variety of subwavelength structures-metallic nano-antennas, quantum dots, nano-particles, and dielectric nano-cavities. The ability to utilize them to induce arbitrary phase profile upon an impinging beam both in reflection and transmission opens up new avenues for numerous application and exciting science. The next challenge of the research in this field is most likely the development of actively controlled and reconfigurable optical metasurfaces [127, 128] , similar to phase-array antennas which are being widely used in the RF and millimeter waves regions. This challenge is considered by many as the "holy grail" of the research in metasurfaces. Having the ability to actively control phase fronts and beam profiles is a key to new and exciting applications such as laser radars, 3D holographic micro-projectors, tailored illumination for microscopy and many more.
The most straightforward approach for introducing tunability to optical metasurfaces is to exploit the sensitivity of plasmonic nano-antennas to their surrounding [129] by using materials which allow for modifying their refractive index. Such modification can be obtain by various mechanisms-thermal effects [130] [131] [132] , electric and magnetic fields [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] , liquid crystals (LC) [144] , nonlinear optical effects [145, 146] , mechanical strain [147] [148] [149] , and free carriers injection [150] . Of particular great potential is the usage of phase changing materials (PCMs) which exhibit temperature-dependent transition from dielectric to metallic properties at room temperature [151] [152] [153] [154] [155] [156] . Such transition is accompanied by substantial changes in the refractive index of the PCM, thus allowing for substantial shift in the resonance and phase response of nano-structures [152, 157] .
Developing the ability to tune the resonance frequencies of nano-antennas is without doubt an important task. However, for beam-shaping and holography applications it is desired to be able to control the profile of the phase response of the array. Ideally, the phase response of each individual nano-antenna in the metasurface should be controlled separately. This is, in fact, one of the main challenges in this field. Most of the studies involving dynamic metasurfaces were focused on either tuning the spectral response of the metasurface or on inducing relatively simple phase profile (e.g. linear phase gradient) [139, 152] . Few studies have demonstrated individual nano-antenna tuning but at relatively low frequencies [146] and limited spatial resolution using LC [144] . Optical tuning of individual nanoantenna in the near-IR spectral region was demonstrated by Abb et al. using free-carriers photo-generation in the indium tin oxide substrate with a 532 nm laser emitting 4ps pulses [150] . Nevertheless, the tuning effect was limited to several tens of ps due to the carriers' lifetime.
An alternative approach for light by light control with metasurfaces, utilizing coherent interference to control the scattering intensity (i.e. amplitude control) from each element in the array was recently demonstrated by Papaioannou et al. [158] . In this study, the interference between the control and signal beams was used for placing the peak or the node of the interference patterns at the position of a highly absorptive metasurface. Consequently, the amplitude profile of the signal beam can be controlled by modifying the properties of the control beam. This approach can obtain very fast (100 THz) switching and modulation speed rendering it highly attractive for various applications in imaging, telecommunications, and optical signal processing.
Long term (nonvolatile) tuning of surface optical properties was recently demonstrated by Zheludev's group [159] . The optical properties of chalcogenide glass PCM substrate (GST) were locally modified (written, erased, and rewritten) by inducing a refractive-index-changing phase transition with femtosecond pulses (see Figure 9) . A similar approach can be readily employed to the tune phase response of individual nano-antennas and to realize a completely reconfigure metasurface. It should be mentioned, however, that although such approach does yield high resolution arbitrary tuning of the phase profile, it is relatively slow and complex for some of the potential applications such as LIDAR, 3D projectors, etc.
The ability to arbitrarily shape the phase (as well as the amplitude and polarization) profile of light beam at sub-wavelength resolutions is a key and an enabling technology for numerous potential applications. With sufficiently high efficiency, polarization independence and tuning capabilities, such technology may prove to be the corner stone for not only lighter and more compact optical components but also for a completely new generation of optical devices and systems.
